Although the herbicides diquat (6,7-dihydrodipyrido-[l,2-a:2',l'-c]-pyrazinediium dibromide) (1; R=H) and paraquat (2) have attracted much attention 2 there have been few reports of the study of analogues containing only one substituent in the pyridine rings. Only two mono-substituted compounds of the diquat type have so far been examined. 6,7-Di-hydro-4-(2'-pyridyl)-dipyrido[l,2-a:2',l'-c]-pyrazinediium dibromide (1; R=2-pyridyl) was found to be very active as a herbicide 3 but the 4-bromo analogue (1; R=Br) was inactive, due inter alia, to its instability at physiological pH values 4 . In continuation of these studies we now report the preparation and evaluation as herbicides of several 3-substituted-6,7-dihydrodipyrido-[l,2-a:2',l'-c]-pyrazinediium dibromides and related diquaternary salts.
2,2'-Bipyridyl was sulphonated to 2,2'-bipyridyl-5-sulphonic acid (3; R=S03H) using 20% oleum by a modification of the method used by MCELVAIN and GROESE 5 for the similar preparation of pyridine-3-sulphonic acid from pyridine. This method was found to be more convenient than those methods recently used by a Russian group 6 -7 for the preparation of (3; R=S03H). The sulphonic acid was characterized by conversion into 2,2'-bipyridyl-5-sulphonamide (3; R=S02NH2). 2,2'-Bipyridyl-5-Requests for reprints should be sent to Professor L. A. SUMMERS, Department of Chemistry, The University of Newcastle, 2308, New South Wales, Australia.
sulphonic acid was converted to 5-hydroxy-2,2'-bipyridyl (3; R=OH) by caustic fusion 7 and hence to the 5-acetyloxy (3; R=0 • CO • CH3) and 5-propionyloxy (3; R=0 • CO • C2H5) derivatives. The melting point of 5-hydroxy-2,2'-bipyridyl was much lower than that previously reported 7 -8 . The phenol (3; R=OH) gave 5-methoxy-2,2'-bipyridyl (3; R=OCH3) by reaction with diazomethane and the analogous 5-ethoxy (3; R=OC2Hs) and 5-propoxy (3; R=0 • CH2 • CH2 • CH3) derivatives by reaction of the potassium salt with the appropriate alkyl bromide.
The sodium salt of 2,2'-bipyridyl-5-sulphonic acid was fused with sodium cyanide to afford 5-cyano-2,2'-bipyridyl (3; R=CN) in 50% yield. This method was found to be preferable to that used by the Russian group 6 -7 for the same conversion. The cyano compound was hydrolysed to 2,2'-bipyridyl-5-carboxylic acid (3; R=COOH) which was characterised as the methyl ester (3; R=COOCH3).
Compounds (3; R=OH), (3; R=OCH3), (3; R=OC2H5), (3; R=0 • CH2 • CH2 • CH3), (3; R=CN), (3;R=C00H),(3;R=C00CH3)wereeach in turn refluxed with excess 1,2-dibromoethane to give the appropriate 3-substituted-6,7-dihyclrodipyrido-[1,2-a: 2',l'-c]-pyrazinediium dibromides (4) ( Tables I, II) . Compounds (3; R=OH) and (3; R=OCÜ3) were heated with excess 1,3-dibromopropane to give the analogous 3-substituted-7, Tables I, II) . * Approximate values -signal overlaps with D20 signal. ** In C2H5OH. *** -OH group probably ionised at this pH.
The structure of the substituted 2,2'-bipyridyls requires comment. The electrophilic substitution of a sulphonic acid group into pyridine is known to proceed to the 3-position 9 . Likewise with 2,2'-bipyridyl it would be expected that the product of sulphonation would be the 5-or possibly the 3-sulphonic acid. The latter product, however, is unlikely to be formed since the introduction of a substituent ortho to the bipyridyl linkage would be sterically hindered. Confirmation that the compounds are in fact 5-substituted-2,2'-bipyridyls follows from the following observations. The derived 5-methoxy-, 5-ethoxy-and 5-cyano-2,2'-bipyridyls are different (IR evidence) from authentic samples of the corresponding 6-substituted-2,2'-bipyridyls 4 -10 , while the 5-methoxy-and 5-ethoxy-2,2'-bipyridyls have different physical properties (m.p., b.p., UV spectra) from those reported for 4-methoxy-and 4-ethoxy-2,2'-bipyridyls n . No 3-substituted 2,2'-bipyridyl is available for comparison but inspection of the NMR spectrum of the salt (4; R=CN) prepared from 5-cyano-2,2'-bipyridyl confirmed the proposed structure. This compound shows a highly deshielded singlet at 6 9.95 ppm. This signal is attributed to the hydrogen in position 4 of (4; R=CN). It is deshielded by the presence of the electronegative cyano group and the positively charged nitrogen in ortho positions. The corresponding salt prepared from 3-cyano-2,2'-bipyridyl would not be expected to give such a deshielded singlet in the NMR spectrum. It is clear, therefore, that the substituted 2,2'-bipyridyls are, as expected, 5-substituted-2,2'-bipyridyls.
The bipyridylium herbicides diquat (1; R=H) and paraquat (2) are reduced in aqueous solution at potentials (E0) of -0.36 V and -0.45 V respectively to give stable radical cations (e. g. 6; R =H) by a one electron transfer which is completely reversed by air 12 -13 . These redox properties are largely responsible for their herbicidal activity. The diquaternary salts listed in Table I likewise, in aqueous solution, gave intensely coloured solutions on treatment with zinc dust attributed to the presence of the corresponding radical cations (6) . The presence of a stable paramagnetic species in the coloured solutions was confirmed by ESR spectroscopy. In all cases a strong ESR signal was obtained. The signals usually consisted of complicated hyperfine splitting patterns which have not yet been interpreted. When the reducing agent was removed from the coloured solutions and the solutions shaken in air the deep colour substantially discharged. From NMR spectral evidence (c/. 14 > 15 ) it was apparent that the one electron transfer was completely reversible with the salts (4; R=OCH3), (4; R=OC2H5), (4; R=0 • CH2 • CH2 • CH3) and (4; R=COOCH3) and substantially reversed with the salt (5; R=OCH3). With the cyano substituted salt (4; R=CN) and the hydroxy and carboxy substituted salts (4; R=OH), (4; R=COOH) and (5; R=OH) the one electron transfer was not reversed to any great extent.
The uptake of one electron, but not hydrogen, was investigated by polarography. Like diquat 16 the salts (4; R=OCH3), (4; R=OC2H5), (4; R=OCH2 • CH2 • CH3) and (5; R=OCH3) gave typical one electron reduction waves in the pH range 4.5-10.4 with half-wave potentials (E0) independent of pH and concentration (Table III) . The half-wave reduction potentials of the salts (4; R=0-alkyl) were about 0.08 V lower than that of diquat 13 -16 reflecting the influence of the electron- 
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,0fvr> 3 ^ \=N N=< ©\ /© R releasing alkoxy substituent. The trimethylene bridged salt (5; R=OCH3) similarly had an E0 value 0.08 V lower than that of the analogous unsubstituted salt (5; R=H), E0 -0.55 V 13 . The three salts of type (4; R=0-alkyl) also gave a second one electron reduction wave at a lower potential but its half-wave potential was pH dependent (c/. 3 -17~> 9). The salts (4; R=CN) and (4; R =COOCH3) likewise gave a typical one electron reduction wave in the pH range 2-6 and 3-7 respectively independent of pH. The salts decomposed at higher pH values. The half-wave potentials were, as expected, considerably higher than that of diquat due to the presence of the electron attracting substituent. The salt (4; R=COOCH3) also gave a second one electron reduction wave at lower potential. Its half-wave potential was pH dependent. The hydroxy and carboxy substituted salts (4;. R=OH), (4; R=COOH) and The salts were examined as post-emergent herbicides against mixed grass flora at Newcastle and against ten plant species at Basel at application rates between 0.5-8 kg/hectare. The herbicide results are summarised in Table III as an approximate activity rating compared with diquat. The salts which are not reversible one electron transfer systems (4; R=CN), (4; R=OH), (4; R=COOH) and (5; R=OH), were essentially inactive. Of the salts which are one electron transfer systems the alkoxy substituted salts (4; R=OCH3), (4; R=OC2H5) and (4; R=0 • CH2 • CH2 • CH3) with reduction potentials close to that of paraquat gave interesting results. The salt (4; R=0CH3) was a very effective herbicide giving a complete kill of most species at rates of 1-2 kg/hectare. It is estimated to be about one quarter to one half as active as diquat. As the length of the ether chain increased, however, the herbicidal activity diminished, the salt (4; R=OC2Hs) being less active than (4; R=OCH3), while the propoxy salt (4; R=0 • CH2 • CH2 • CH3) had very low activity. This trend confirms the previous findings 3 ' 12 -17 that the molecule should be of compact size for high herbicidal activity. The diazepine salt (5; R=OCH3) which has a very low reduction potential is essentially inactive. This result is similar to that observed with the unsubstituted salt (5; R =H) which is very much less active than diquat 13 . The low activity of (4; R=COOCH3)is in keeping wit h its high reduction potential. Salts with reduction potentials higher than -0.25 V have so far shown little or no activity 18 -20 . The herbicide results overall fall into the pattern expected and fully confirm previous conclusions 1 -12 -17 -18 . For high herbicidal activity of the type associated with the bipyridylium herbicides diquat and paraquat, the salts must be capable of being reduced to stable radical cations in aqueoue solution at a potential in the range -0.30 V tc -0.50 V and the one electron transfer must b( reversible. Moreover, the salts should be of com pact size. Experimental error in the half-wave potentials was ± 0.02 V. The ESR spectra were taken at room temperature for solutions in water or aqueous ethanol on a Varian V4501 instrument with 6 in. magnet and 100 kHz modulation. The concentration of the salts was ca. 5 X 10 -3 M. Most of the herbicide tests were carried out by biological staff of CIBAGeigy, A.G., Basel.
2,2'-Bipyridyl-5-sulphonic acid (3; R=SOzH)
2,2'-Bipyridyl (40 g) was added gradually and with cooling to 20% oleum (100 g; 52 ml). Mercuric sulphate (0. 
2,2'-Bipyridyl-5-sulphonamide (3; R^SO^NH^)
2,2'-Bipyridyl-5-sulphonic acid (10 g) was mixed with phosphorus pentachloride (8.9 g) and the mixture kept at 135 °C for 5 hours. The resultant liquid was subjected at this temperature to a 20 m. m. vacuum to remove any phosphorus oxychloride. The residue solidified on cooling. To the residue there was added conc. ammonium hydroxide solution (40 ml). The solid which formed was collected after 12 hours. It was washed with a little cold water and crystallized from water. It gave colourless crystals, m.p. 200 °C, which darken on standing. 5-Hydroxy-2,2'-bipyridyl (3; R=OH) 2,2'-bipyridyl-5-sulphonic acid (3 g) was mixed with sodium hydroxide pellets (15 g) and water (5 ml) in a nickel crucible which was then gently heated in an oil bath at 220-230 °C for 24 hours. The original purple paste gradually changed to yellow-green and became solid. The mixture was cooled and dissolved in water (100 ml). The solution was adjusted to pH 7 with conc. hydrochloric acid. A precipitate formed which was recrystallized from chloroform/light petroleum to give colourless needles, m.p. 157 °C. (Yield 1.5 g) . Recorded m.p. is 228-9 °C 7 ' 8 . 
5-Acetyloxy-2,2'-bipyridyl (3; R=0 • CO • CH3)
5-Hydroxy-2,2'-bipyridyl (10 g) and acetic anhydride (60 ml) were refluxed for 6 hours. Excess acetic anhydride was distilled off under reduced pressure. Water (50 ml) was added to the solution followed by 10% aqueous sodium hydroxide until pH 7 was reached. The precipitate which formed was crystallized from light petroleum to give colourless crystals, m.p. 102 °C. (Yield 6.8 g).
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5-Ethoxy-2,2'-bipyridyl (3; R=OC2H5)
5-Hydroxy-2,2'-bipyridyl (0.5 g) was dissolved in potassium hydroxide solution (10 ml) made from potassium hydroxide (1.63 g) in ethanol (100 ml). The solution was evaporated to dryness. Carbon tetrachloride (10 ml) was used to azeotrope off any residual alcohol or water. The solid residue was dissolved in dry ethanol (30 ml). Ethyl bromide (0.316 g) in dry ethanol (20 ml) was then added and the mixture was refluxed for 14 hours. The resultant suspension was filtered. The solvent was removed and the residue extracted with hot ether. The dried (Na2S04) extract afforded an oil on removal of the solvent. The oil was chromatographed on an alumina column using ether as eluent. This method of purification afforded a colourless solid, m.p. 64 °C after crystallisation from light petroleum (yield 0.37 g). 
3-Substituted-6,7-dihydrodipyrido[l,2-a:
2',l'-c Jpyrazinediium dibromides (4) (see Table I )
The appropriate 5-substituted-2,2'-bipyridyl was refluxed with excess 1,2-dibromoethane for periods ranging from 1 hour to 3 days. The yellow-green 3-substituted-6,7-dihydrodip3Tido[l,2-a:2',l'-c]-pyrazinediium dibromides precipitated from the reaction mixture. They were usually hygroscopic. The salts from the 5-hydroxy-and 5-alkoxy-2,2'-
